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ABSTRACT
A circuit is described which is used to control the
evaporation rate of material from a resistance heated
boat or electron beam evaporator.

The rate controller is

used in conjunction with a quartz crystal thickness
monitor in a vacuum evaporator.
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I.

INTRODUCTION

The last two decades have seen a rapid expansion in
the production and usage of microelectronic devices.
Accompanying this expansion has been the increased interest
in thin films; their formation, nature, and application.
Thin films are used in microelectronic devices in a number
of ways:
1.

Contacts to bulk semiconductor elements.

2.

Formation of passive devices such as
resistors and capacitors.

3.

Production of active devices, particularly
in the metal-oxide-semiconductor

(MOS)

scheme.
4.

Development of various types of sensors,
e.g. Hall probes and magnetic switches.

One of the major methods used to produce thin films
for microelectronics is by vacuum evaporation deposition.
Probably the first evaporated thin films were made by
Faraday in 1857 when he exploded metal wire in an inert
atmosphere.

The possibility of producing metal films by

Joule heating of platinum wires in vacuum was discovered
by Nahrwold in 1887 and a year later by Kundt.

The latter

developed it for the purpose of measuring refractive
indices of metal films

[1] .

"The objective in vacuum evaporation is nearly always
to deposit films to certain specifications."

[2]

The
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specifications will vary with the application, but a
knowledge of how the important parameters will affect
these specifications is vital.

If the latter pertain to

extensive film properties such as the thickness or sheet
resistance, i t is sufficient to determine when the deposit
has reached the desired thickness so that the process
can be interrupted.

However, if the parameters of interest

are intensive, such as density, resistivity, stress or
crystallinity, it is important that the rate of deposition
of evaporant and residual gas molecules be known and
preferably controlled.

It is also essential to note that

the properties of thin films differ from those of the bulk
materials.

Therefore the use of bulk material values can

not be applied directly to determining thin film characteristics

[3].

The intent of this work is to design an instrument to
be used with a quartz crystal thickness monitor to control
the rate of evaporation from a resistance heated or electron
beam source.

The quartz crystal thickness monitor is a

commercial instrument produced by Kronos, Incorporated.
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II.

VACUUM EVAPORATION DEPOSITION

Maissel and Glang [1]

as well as Holland [4] have

given extensive reviews of the subject of thin film technology.

Berry, Hall, and Harris

[5] also deal with the

subject in detail.
The evaporation sources of interest in this work for
producing thin films are the resistance heated boat and
the electron beam gun.

The evaporation process can be

described in three distinguishable steps:
1.

Transition of a condensed phase, which may
be a solid or a liquid, into the gaseous phase.

2.

Vapor traversing the space between the evaporation source and the substrate at reduced gas
pressure.

3.

Condensation of the vapor upon arrival at
the substrate. [1].

Knudsen studied the distribution of the evaporant from the
source and found i t to follow the cosine law of emission
in most cases

[1].

In some applications, such as production of alloy
films, multiple sources are used.

These can be of either

type or even a mixture of the two to accommodate the different
features of the sources with the material being evaporated.
Rate control of evaporation is very important in the
applications where there is a mixing of the evaporants
to achieve unique f ilm properties

[6] .
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A.

Monitoring Devices
To obtain films that meet the specifications of the

application, i t is necessary to have information about
the film growth during the deposition.

The film thickness

is one parameter that can be measured by sensors.

These

can be classified into three types:
1.

Those that depend on the buildup of deposit on
the monitor element in a certain time period.

2.

Those that depend on the flow of evaporant
through the monitor electrode system.

3.

Those that depend on the impact of the deposit
on a surface [4].

The quartz crystal oscillator monitor is classified
with the first type.
and Lostis

[1]

It was first explored by Sauerbrey

in 1957 and was found to be about as sensi-

tive as the microbalance technique, but not affected by
mechanical shock and vibration.

Steckelmacher [3] has

reviewed the subject and provides a lengthy bibliography
on the monitors.

The other two types are not used as

extensively as the first, but are listed to indicate the
various measuring techniques.
B.

Rate Control
As early as 1882, studies conducted by Hertz showed

that the evaporation rate from a liquid surface was proportional to the difference between the equilibrium pressure

5

at the surface temperature of the reservoir and the
hydrostatic pressure acting at the surface.

Knudsen

modified the expression of Hertz to account for the
fraction of molecules that were reflected back by the
surface of the liquid rather than incorporated into the
liquid [1] .

By regulating the source temperature or the

pressure of the environment, the evaporation rate is
changed.

By conducting the evaporation in a vacuum

chamber, the hydrostatic pressure is reduced allowing
control of the evaporation rate by regulation of the
source temperature.
In practical applications, the rates will vary from
0

about 1 to 1,000 A/sec.

Rough estimates assume that the

source pressure must reach about 10

-2

Torr for these rates.

For most materials of interest, this is in the temperature
range of approximately 1,000 to 2,000

°c [1].

Various techniques for control of the evaporation rate
have been presented in the literature
not be reviewed.

[3, 7, 8, 9]

and will

The technique used in this work is to

regulate the power delivered to the source boat in such a
way that the evaporation is constant.

In the electron

beam source, the emission of the filament is regulated
thus altering the amount of energy transmitted to the
work and controlling the temperature.
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C.

Quartz Crystal Monitors
1.

Operating Principle

The quartz crystal monitor utilizes the piezoelectric
properties of quartz.

If a thin wafer is made a part of

an oscillator circuit, the A.C. field induces thicknessshear oscillations in the crystal whose resonant frequency
is inversely proportional to the wafer thickness d .
q

The relationship is given as:

(1)

f

where ct is the propagation velocity of the elastic wave
in the direction of thickness

[1].

With the crystal suit-

ably mounted and placed in the stream of evaporant, a
change in the resonant frequency will be observed as a
deposit builds up on the crystal surface.

Some early

instruments mixed the sensor oscillator with another
reference oscillator and generated a difference frequency
which was then nulled by a variable oscillator [8, 10].
Solid state circuitry and, in particular, digital devices
have greatly changed the design of the electronics used
with the crystal.

One such digital monitor will be

discussed later.
The accuracy of the quartz crystal monitor in measuring film thickness is basically determined by the oscillator
circuit.

The circuit must be able to detect small changes

7

in the oscillator frequency in addition to providing good
stability during the monitoring interval.

A frequency

change of 1 Hz in a 5 MHz oscillator corresponds to a
sensitivity of 2 x 10 -8 gm em -2

For most practical

systems, the mass detection limit is 10- 7 to 10- 6 gm cm- 2
[ 1] •

Another important consideration is the temperature
dependence of the resonant frequency of the crystal.

The

AT cut crystal (which is cut at 35° 10' from the plane of
the c and x axis of the crystal)

is almost exclusively

used because the temperature coefficient of frequency of
this cut is flat over a fairly wide temperature range.
Resonant frequencies for the thickness-shear mode of
oscillation of the AT cut crystal are given by:

f

=

d

N

(2)

q

where N

=

1.67 x 10 6 Hz mm [1].

Increased sensitivities

are attained with thinner crystals and higher frequencies;
however, practical limits are soon reached by the
fragility of the crystal.
2.

Frequency Versus Period Measurements

Behrndt [10] discussed the long term operation of
crystals where the amount of mass added to the crystal
would be significant with respect to the crystal thickness.
He showed that the measurement of the change in frequency
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of the oscillator could be assumed linear only over a
very small portion of the frequency range, typically 3
to 5%.

A measurement of the change in period of the

oscillator was found, however, to be linear over a very
much wider range.

To find the change in frequency

resulting from a change in mass, equation (2)

is

differentiated to obtain:
df
-N
dd = d 2
q

( 3)

q

or
df
dd

q

N

=

( 4)

=

Thus i t is observed that the change in frequency
due to a change in thickness
depends on the value of f.

(df)

(dd ) is not constant but
q

If instead the period of

oscillation is monitored, a different expression is found.
Since the period (T)

is given by:

T

1

=

f

d

=___g_

( 5)

N

differentiating gives:
dT
1
dd = N

( 6)

q

which is a linear function.
period (dT)

Therefore the change in

due to a change in thickness

(dd )
q

is 1/N

9

times the thickness.

1
=
N

1

1.67 x 10

6

Hz mm
( 7)

=

0

5.99 x lo- 14 sec./A

q

This simply states that the period of oscillation will
increase by .0599 picoseconds for an increase in thickness
of the quartz crystal of one Angstrom.

However, materials

other than quartz are normally deposited so the assumption
is made that a deposited film of some given mass per unit
area will produce the same effect as a quartz film of the
same mass per unit area.

If the deposited film thickness

is small compared to the crystal thickness this is reasonable since the crystal surface is an antinode of
oscillation and a small change of mass at the surface has
the same effect as an equivalent mass of quartz.
3.

Description of QM-310 Monitor

The Kronos QM-310 monitor uses digital circuitry to
accomplish the measurement of the change in period of
the sensing oscillator.

Figure 1 illustrates schematically

the main features of the circuit.

A brief description

will be given for clarification.
The crystal is mounted remotely in the vacuum system.
The oscillator signal is buffered to give a TTL compatible
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QM-310 System Block Diagram
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Is

ll

square-wave signal of the same frequency.

This signal is

then scaled to a much lower frequency which is used to
gate pulses from a reference oscillator into a counter.
The period of the scaled signal is still proportional to
the period of the oscillator signal so that the number of
pulses gated to the counter is proportional to the
oscillator period.

In order to measure the thickness of

the deposit, however, the change in period must be computed.
It is necessary to subtract from each successive period
count the initial value of the period count as obtained
when the instrument was zeroed at the beginning of the
measurement.

This is done in the arithmetic section and

passed on to the display or to be used for other
controlling functions.
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III.
A.

DESIGN OF RATE CONTROLLER

Outline of the Design
To effect control of the rate of evaporation, a preset

rate must be established which can be compared to the
actual increase as measured by the crystal monitor.

This

comparison will determine the difference between the
increase in film thickness as desired and what increase
is actually occuring.

The difference can then be used as

an error signal to accomplish a change in the evaporation
from the source.

This latter part being done by changing

the temperature of the evaporant source as indicated
earlier.

Figure 2 shows the various elements of the

control loop and the flow of the information.

Each segment

will be described separately and then their interrelationship explained.
B.

Digital Ramp Generator
This element will produce the desired rate of increase

of thickness for the evaporation process.

For rate control

0

of evaporation rates of 1 - 1,000 A/sec., the preset ramp
must provide information corresponding to the increasing
thickness at the rates within this range.

The crystal

monitor has three ranges of thickness measurement:
0

0

0

10 KA

0

(9.999 KA full scale reading) , 100 KA (99.99 KA full scale
0

reading), and 1 ,000 KA (999 . 9 fu ll scale reading).
0

0

0

The

reading resolution is then 1 A, 10 A, and 100 A respectively
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on the three ranges.

Therefore for an evaporation rate of

0

1 A/sec., the least significant digit (LSD) would change
0

once a second when on the 10 KA range.

The ramp generator

must then produce a signal that would change its LSD once
a second for this evaporation rate.

If the thickness
0

range is changed on the monitor to the 100 KA range, the
evaporation rate would not be the same for a frequency of
one pulse/second from the ramp generator.

In this range
0

the evaporation rate would now correspond to 10 A/sec.
since the LSD read on the display is 10 ~The ramp generator is composed of a variable frequency
oscillator, a prescaler, and a four digit counter.

Since

the output of the crystal monitor is four digits in binary
coded decimal

(BCD)

format, it is desirable that the digital

ramp generator have the same format to simplify the
comparison.

Figure 3 shows the circuit configuration for

the variable frequency oscillator and figure 4 illustrates
the counting circuit with the necessary control signals
which will be discussed later.
The variable frequency oscillator is made up of a
single device with several passive components.

The Intersil

8038 Waveform Generator [12, 13] is a monolithic integrated
circuit which is capable of producing sine, square, triangular, sawtooth and pulse waveforms of high accuracy.
In this application only the square-wave will be used.
The frequency of the oscillator is determined by the external
charging capacitor and resistors.

If RA and RB are chosen
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to be equal, the expression for the frequency is given
as:

f

0.3

( 8)

R

RC

and the duty cycle is 50%.

The circuit is designed to

operate in three decade ranges by switching three
different capacitors and then changing the resistance
values in proper steps to obtain equal frequency changes.
The frequency ranges are chosen as 100-1000 Hz, l-10 kHz,
and 10-100 kHz, and the capacitor values for these ranges
are chosen as

.01 uf,

.001 uf, and .0001 uf respectively.

By using the expression for the frequency as given above,
the charging resistor values are found which will result
in a frequency change of nine equal steps in the frequency
intervals.

For linearity and reproducibility, these

should be precision resistors of at least l% tolerance.
Another alternative for obtaining accurate frequency
changes would be to use a lower value resistor in series
with a low value trim pot.

These could then be adjusted

to the desired frequency as measured externally on an
oscilloscope.
The 8038 has an additional feature which allows
frequency sweeping by impressing a voltage on pin 8.

The

frequency of the waveform generator is a direct function
of the D.C. voltage at terminal 8 as measured with
respect to the power supply voltage.

Potentially large
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sweep ranges are possible (1000:1), however, in this
application i t is desired to use this feature only as
fine tuning on the output frequency.

A voltage divider

with a variable element is used to supply the D.C.
voltage to the terminal.

This is adjusted to allow a

modulation of the oscillator frequency equal to the
value of the step interval.
and R

=

For example, with C =

.01 uf

60 kohms, the oscillator will have a frequency

of 500 Hz.

This is the frequency with terminal 8 at a

D.C. level equal to 80% of the supply voltage.

By

changing the voltage continuously with a potentiometer
above this level, the output frequency will increase from
the 500 Hz value.

The literature does not give sufficient

information to determine the exact voltage changes to
accomplish the desired frequency variation, so the
particular resistor values would have to be determined
experimentally.

Again calibration for marking the dial

on the potentiometer could be easily accomplished with
the aid of the oscilloscope.

Once calibrated, the

oscillator should need no further attention.
The square-wave output of the variable frequency
oscillator goes to a chain of 7490 decade counters
figure 4).

(see

The first two counters scale the frequency

down by one hundred to the lower frequency desired.

This

allows the oscillator to operate in a range of greater
stability in addition to increasing the accuracy of the
counted signal.

The next four 7490's comprise the
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four-digit decade counter whose output is in the BCD
format.
When a difference calculation is called for by a
trigger pulse, the present count in the counter is
transferred to the subtraction section by the four 7475
bistable latches.

While the trigger pulse is applied,

the output of the latches follows the input and then
holds the value present when the trigger goes low again.
The reset of the counters will be discussed later.
C.

Monitor Interface
The output of the quartz crystal monitor is four-

digits, each in parallel BCD format.

Each digit is

identified for its decade value by the thickness address
pulses Tl, T2, T3, and T4.

These correspond to the units,

tens, hundreds, and thousands digit respectively.

There-

fore when Tl is high, the digit on the output bus is the
units digit, and correspondingly, when T2 is high, the
digit on the output bus is the tens digit.
The displayed digits, which are available on the
external connector, are loaded into four 7475 bi-stable
latches to accomplish a serial to parallel conversion
of the output

(see figure 5).

When the thousands digit

has been loaded, a subtraction may proceed.

The output

of the first series of four 7475 latches is now the value
of the ' displayed thickness.

A trigger pulse

(T6)

to the

second : series of four 7475's will transfer these values
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to the difference calculator simultaneously with the
output of the ramp counter.

Again these latches will

hold the information while the input latches are being
reloaded with the updated displayed thickness value.
D.

Difference Calculator
The subtraction of the four digits in BCD format is

accomplished by using a BCD l's complement subtraction.
The algorithm for this is shown in Figure 6 [14].
Figure 7 illustrates the circuit for the subtraction
using full adder (7483)

and inverter (7404) gates.

The

output of the ramp generator is the minuend and the
output of the monitor is the subtrahend.
The l's complement of the BCD representation of the
subtrahend is entered into the first set of adders along
with the true representation of the minuend.

The

complementation of the subtrahend is already conveniently
accomplished since the monitor output is from the Q
terminals of the display temporary storage latches.
figure 1) .

(see

The true value of the result is transferred

to the second set of adders and added with either a 1010
or 0000

(O) , depending on the sign of the decade in

question.

The end-around-carry

(EAC) will always be 1

for positive results, but will be zero if the result is
negative or zero.

The value of this feature will be

pointed out in the next section.

(6)
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E.

Digital to Analog Conversion
The principles and techniques of digital to analog

(D/A)

conversion are discussed extensively in the

literature,

[15, 16].

In general the D/A converter

generates an analog voltage or current which is proportional to the value of the digital word.

The main

components of the simple converter are a stable reference,
a set of binary weighted switches and precision resistor
ladder network.

In some cases an input register and out-

put operational amplifier are included.

The digital word

is used to operate switches, each contributing an
appropriate amount of current in binary weighted increments.
The current is then converted to a voltage by an op-amp
in the voltage output models.
In the circuit application being discussed, a low
cost 10-bit D/A converter was chosen to convert the output of the difference calculator to an analog voltage.
The ramp generator is set to a value of 0000 0000 1001
1001

(0099) when the reset switch 82 is depressed

figure 4) .
the monitor.

(see

This also zeros the displayed thickness on
Therefore, the difference of the ramp

generator and the monitor will be 0000 0000 1001 1001
(0099) when the unit is reset be f ore an evaporation.
This establishes the center value about which the
difference will vary.

Since only positive differences

are being considere d, the lower limit on the difference
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will be 0000 0000 0000 0001

(0001).

Negative or zero

differences will generate a zero EAC and are not valid
calculations for this circuit.
at 0000 0010 0000 0000

The upper limit is set

(0200), therefore allowing a

reasonable range of variation between the digital ramp
and the monitor output.

The upper limit is set by

using the B output of the hundreds digit as an abort
signal.

If the difference is great enough to bring

this terminal high, or if the EAC is zero, an indicator
light could be l i t or a relay activated to shut down
the evaporation.

Large variations within this range

would only occur when the unit is initially bringing
the evaporation under control.

Once control has been

established, the variation about the mean difference
will be small

(less than 0000 0000 0001 0000

(0010)).

Because the difference involves only two and part of a
third decade, the 10-bit converter functions nicely in
this application.
The DAC371V-l0-BCD (Hybrid Systems Corporation)
accepts 2 l

2 decades BCD, or more specifically up to

ll 1001 1001

(399) , and has an output voltage range of

0 to +10 v.

The unit has its own internal reference for

the D/A conversion which is developed from the power
supply voltage

(figure 8).

It can be operated in either

the unipolar or bipolar mode with the binary input units,
but must be operated in the unipolar mode for the BCD
input.
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In general, the output voltage of the BCD D/A
converter is given by the expression:

( 9)

where the b's are binary values
priately weighted positions.

(1 or 0) of the appro-

For the 10-bit conversion,

b

and b
are zero.
The application of the equation
11
21
to find the output voltage levels of interest is
illustrated in the appendix.
If the evaporation rate is greater than the digital

ramp rate, the difference will be less than 00 1001 1001
(099)

and the D/A converter output will decrease.

Con-

versely, if the evaporation rate is less than the digital
ramp rate, the difference will be greater than 00 1001
1001

(099)

and the analog output will increase.

The

variation about the mean voltage level is used to
establish the error signal which controls the power
delivered to the evaporation source.
The D/A converter output goes to a differential
amplifier where it is compared with a precision voltage
level which has been set at the voltage of the reset
difference 00 1001 1001 (099)

(see Figure 8).

The
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output of the differential amplifier is then proportional
to the variation about the mean difference.

The gain

of the amplifier can be adjusted by changing the
resistance of the ganged potentiometer

R)

and

R4.

The

configuration for the precision voltage source provides
a very stable reference that can easily be set at the
required level

[17].

The error voltage is added to a

variable voltage in a voltage summing amplifier.

The

variable voltage supply is used to bring the evaporation
source up to temperature prior to the initiation of the
controlled evaporation.

When this is done, Sl is in the

off position, which puts that error voltage at zero.

The

differential amplifier output will not affect the summing
amplifier until the switch is placed in the ON position.
In essence the variable voltage supply will serve as a
course control on the evaporation and the D/A output as
the fine control and regulator.
F.

Triac Control Circuit
For controlled evaporation to take place, some means

of regulating the power transferred to the source must
be used.

A triac, which is a controlled bi-directional

switch, lends itself very well to this application.

It

is desired that the power be under the full control of
the triac so there f ore, e xi sten t

autotransformers on the

primaries of the main trans f ormers in the power supplies
should be bypassed in the controlled evaporation mode.
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The trigger circuit for the triac is shown in
Figure 9.

The ramp and pedestal with a cosine-modified

ramp control technique is used in this design to give a
linear transfer function of the D.C. control voltage
and the power to the source

[18].

The trigger capacitor

c 1 is charged from an unclamped full wave rectified
signal through a high resistance R
which determines
10
the charging time constant.
The control circuit voltage
is clamped by the two zener diodes D and D to a value
1
2
The unijunction transistor (UJT) wave-form is
shown in Figure 10.
voltage, e

p

Since the peak point (or triggering)

, of the UJT emitter is a fixed fraction of

the interbase voltage, VBB' as indicated by the dashed
line, the capacitor will charge until its voltage reaches
ep .

At this point the UJT will fire, discharging the

capacitor and inducing a current pulse in the secondary
of the pulse transformer T

which will trigger the triac.
1
The D.C. control voltage coming from the voltage summer
will change the level of the pedestal by increasing
or decreasing the base current of transistor Q .
The
1
transistor is connected in the emitter follower configuration so that in each half cycle, the charging capacitor
will quickly charge to one diode drop below the emitter
voltage.

Changing the pedestal level changes the time

it takes the capacitor to charge to the trigger voltage
of the UJT, therefore changing the firing angle of the
triac.
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(R , c , R , c ) may be
3
4
2
3
incorporated in the design if i t is found that there are
The "notch network" filter

instabilities in the system.

This would allow a damping

of any oscillations or excessive overshoots.
G.

System Operation
To carry out the difference calculation between the

ramp counter and the displayed thickness of the monitor,
a thickness address pulse from the monitor is used to synchronize the information transfer.

Figure 11 shows the re-

lationship of the pulses of interest and the relative pulse
widths.

By using T3

monostable
ated.

(the hundreds pulse)

to trigger a

(74121), a pulse, TS, of constant width is gener-

The pulse is of sufficient length (50 usee)

trailing edge goes low after T4

that the

(the thousands pulse) has

been loaded into the first set of latches

(see figure 4).

The trailing edge of the delayed pulse triggers a second
monostable
usee.)

(74121) which generates a short pulse, T6,

to clock the thickness and ramp data simultaneously

to the adders.
latches

(20

Since the outputs of the second set of

(figure 5)

retain their states after T6 has gone

low, the difference calculator output and voltage level of
the D/A converter remain constant until a new difference is
calculated.
Figure 12 illustrates the relationship of the ramp
counter output and the monitor displayed thickness as the
evaporation proceeds.

The controller seeks to maintain a
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a constant difference of 099 so that the slope of the displayed thickness curve is the same as the ramp counter.
The slope of the ramp counter curve is, of course, the
desired evaporation rate.
A considerable amount of flexibility has been
designed into the circuit to allow for changes in the
operating conditions or desired results.

Gain adjustments

are available in both the D/A converter and the differential amplifier to increase or decrease the response of
the system to evaporation changes.

Filtering may be

incorporated to modify the frequency response in accordance
with thermal lags that are inherent in the sources for the
evaporation.

With the power under the full control of

the triac, bringing the source up to or slightly below
the evaporation temperature is easily done with the
variable voltage supply.

A "soak" period prior to the

controlled evaporation allows the system to stabilize
and releases any low vapor pressure contaminants in the
source.
Power supply requirements for the circuit are limited
to +Sv at 2 A for the TTL logic devices and ±15v at 100 rnA
for the D/A converter, variable oscillator, and the
operational amplifiers .

A regulation of 1% on the power

supplies is adequate fo r the circuit, however additional
regulation could easily be added with a regulator chip on
the printed circuit board f or the operational amplifiers.

IV.

SUMMARY AND CONCLUSIONS

The continued expansion of the field of microelectronics has demanded increased reproducibility and
reliability of the thin films used in device fabrication.
Vacuum evaporation deposition has proven to be a very
effective way of producing well defined films.

One of

several parameters that determines the characteristics
and properties of the film is the rate of deposition on
the substrate.

It is essential, therefore, that the

evaporation rate of the source be controlled to achieve
the qualities in the film that are required.
A circuit for the control of evaporation rates from
resistance heated boats and an electron beam gun source
has been presented.

It incorporates integrated circuits

almost exclusively and utilizes the advantages of the
building block technique.

The circuit provides for the
0

control of evaporation rates of 1 to 1,000 A/sec.

The

displayed thickness output of a Kronos, Inc., Model QM-310,
quartz crystal thickness monitor is used to determine how
rapidly the film thickness is increasing.

The displayed

thickness is compared with a controlled rate digital ramp
and the difference generates an error signal which controls
the firing angle of a triac on the primary winding of the
source transformer .

P rovision for incorporating abort

functions in the system has been made and can be easily
accomplished if the evaporation is not proceeding properly.
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V.

RECOMMENDATIONS FOR FURTHER WORK

The next step in completing this task is the actual
construction of the controller as presented in this paper.
The large use of integrated circuit elements in the design
makes construction very compatible with printed circuit
board techniques.

The total circuit could be broken up

into two major sections to be placed on two separate p.c.
boards.

The first group would include the digital ramp

generator, monitor interface, difference calculator, and
the D/A converter.

The second board would contain the

differential amplifier, variable reference supply, summing
amplifier, variable voltage supply, and the triac control
circuit.

External controls would include switch Sl and

82, the three-position range multiplier switch 83, the
nine-position range switch, the frequency tuning
potentiometer on the variable oscillator, the gain control
on the differential amplifier, and the voltage control on
the variable voltage supply.
Once constructed the system must be used in evaporations to measure the accuracy of the evaporation control.
This can be measured by evaporating at a particular rate
setting for a definite amount of time and then measuring
the film thickness on the substrate with an independent
technique such as an interferometer or by sample weighting.
Multiplying the evaporation rate times the evaporation
time will give the desired film thickness.

The difference
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of this value and the measured value from the other
measuring techniques will give the thickness error.

It

may be possible to make calibration adjustments from
these readings to reduce the rate error.

Measurements

should be made on a variety of samples to observe any
variations due to source material.
It would be helpful to have a direct readout of the
rate of evaporation so that the rate could be more precisely set prior to initiation of the control phase.

A

rate meter may be incorporated directly into this instrument
or as an additional unit.
The use of the EAC, when i t is zero, and the B output
of the hundreds decade in the D/A converter as triggers
for abort functions could release the operator from
monitoring the evaporation continuously.

These could be

used to shut the power off to the source power supplies
or to sound an alarm to indicate that the rate has gone
out of the control range.
The present design uses a variable voltage supply to
bring the source up to temperature.

The output of the

supply is changed by manually changing the potentiometer
position and adjusting i t for the desired operating
temperature.

It would be possible to accomplish the same

thing in a more sophisticated fashion by providing a
voltage source which would produce a slowly increasing
ramp voltage that would become constant at a preset limit.
The voltage would then be held at this limit for a "soak"
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period, after which the shutter could be moved and the
controlled evaporation proceed.

All of these functions

lend themselves easily to electronic control circuitry.
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APPENDIX
CALCULATION OF THE OUTPUT VOLTAGE OF THE D/A CONVERTER
In order to illustrate the use of Equation (9)

in

the text, sample calculations of the output analog voltage
can be performed for different situations.
step is to calculate V .
r

The first

Using the expression

a full scale reading of 11 1001 1001 (399), the output
voltage is to be 10 volts.

lOv = O.lV (3)
r

Inserting this reading,

+ O.OlV (9) + O.OOlV (9)
r
r

requires a value of
V

r

=

27.57v .

Using this value for V , a reset voltage reading
r

of 00 1001 1001

E

0

(099) yields an output voltage of

=

o.ol(27 . 57) (9)

=

2.73 v .

+ o.ool(27.57) (9)
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Similarly, an upper limit reading of 10 0000 0000

(200)

yields

E

0

=

5.51 v.

The value of the least significant bit (LSB)

E

0

=

o.ool(27.57) (1)

=

0.0275 v.

is

226896

